Klein A, Carstens MI, Carstens E. Facial injections of pruritogens or algogens elicit distinct behavior responses in rats and excite overlapping populations of primary sensory and trigeminal subnucleus caudalis neurons. J Neurophysiol 106: 1078 -1088. First published June 8, 2011 doi:10.1152/jn.00302.2011In the present study, we investigated whether intradermal cheek injection of pruritogens or algogens differentially elicits hindlimb scratches or forelimb wipes in Sprague-Dawley rats, as recently reported in mice. We also investigated responses of primary sensory trigeminal ganglion (TG) and dorsal root ganglion (DRG) cells, as well as second-order neurons in trigeminal subnucleus caudalis (Vc), to pruritic and algesic stimuli. 5-HT was the most effective chemical to elicit dose-dependent bouts of hindlimb scratches directed to the cheek, with significantly less forelimb wiping, consistent with itch. Chloroquine also elicited significant scratching but not wiping. Allyl isothiocyanate (AITC; mustard oil) elicited dose-dependent wiping with no significant scratching. Capsaicin elicited equivalent numbers of scratch bouts and wipes, suggesting a mixed itch and pain sensation. By calcium imaging, ϳ6% of cultured TG and DRG cells responded to 5-HT. The majority of 5-HT-sensitive cells also responded to chloroquine, AITC, and/or capsaicin, and one-third responded to histamine. Using a chemical search strategy, we identified single units in Vc that responded to intradermal cheek injection of 5-HT. Most were wide dynamic range (WDR) or nociceptive specific (NS), and a few were mechanically insensitive. The large majority additionally responded to AITC and/or capsaicin and thus were not pruritogen selective. These results suggest that primary and second-order neurons responsive to pruritogens and algogens may utilize a population coding mechanism to distinguish between itch and pain, sensations that are behaviorally manifested by distinct hindlimb scratching and forelimb wiping responses.
ITCH IS OFTEN DEFINED as an unpleasant sensation associated with the desire to scratch. Itch is a symptom common to many skin and systemic disorders and is usually resistant to treatment, thus representing a significant health issue (Carstens 2009) . It is therefore important to better understand itch mechanisms under normal and pathophysiological conditions, an effort that benefits greatly from animal models. Scratching behavior is commonly used as a surrogate of itch sensation in rodents (Carstens and Kuraishi 2004) . In mice, a variety of pruritogens elicit bouts of hindlimb scratches directed to the site of injection, which is usually the rostral back/nape of the neck. In rats, 5-hydroxytryptamine (5-HT) is the most effective scratch inducer (Jinks and Carstens 2002; Thomsen et al. 2001) . However, a drawback of the rostral back model is that it does not distinguish between pruritogens and algogens (Kuraishi et al. 1995) . A new mouse model has recently been introduced that appears to distinguish between itch and pain . Pruritogens such as histamine elicit hindlimb scratches directed to the injection site in the cheek, whereas algogens such as capsaicin elicit facial wipes by the ipsilateral forelimb, with little or no hindlimb scratching Akiyama et al. 2010a Akiyama et al. , 2010b . The first aim of the present study was to determine whether cheek injection of pruritogens or algogens similarly elicits distinct behavioral responses in the Sprague-Dawley rat, a species that has been used extensively in pain research.
It has long been debated whether itch and pain are signaled by a common population of neurons based on some parameter of activity such as rate or pattern of firing, or if there are distinct labeled lines for itch and pain (specificity theory). Mechanically insensitive primary afferent C fibers (Schmelz et al. 1997 ) and cat spinothalamic tract neurons (Andrew and Craig 2001) responded to histamine over a time course consistent with itch sensation. Moreover, ablation of spinal neurons that express the gastrin-releasing peptide (GRP) receptor attenuated or abolished pruritogen-evoked scratching in mice without affecting sensitivity to pain (Sun et al. 2009 ). These data support the concept of a labeled line for itch. However, the vast majority of spinal neurons that respond to cutaneous application of pruritogens such as histamine, 5-HT, or cowhage spicules (containing itch-inducing proteases; Reddy et al. 2008 ) also responded to capsaicin and/or allyl isothiocyanate (AITC) (Akiyama et al. 2009a (Akiyama et al. , 2009b Davidson et al. 2007; Jinks and Carstens 2002; Simone et al. 2004) . Behavioralgenetic studies also indicate that nociceptive neurons may be capable of signaling itch (Imamachi et al. 2009; Shim et al. 2007 ), arguing against labeled-line coding for itch versus pain. In light of the distinct behavioral responses, we wished to investigate whether puritic and algogenic facial stimuli excite overlapping or distinct populations of primary sensory neurons and second-order neurons in rat trigeminal subnucleus caudalis (Vc) . To this end, we used the method of calcium imaging of cultured trigeminal ganglion (TG) cells to investigate responses of primary sensory neurons to pruritogens and algogens. We also tested dorsal root ganglion (DRG) cells for comparison. Moreover, thermosensitive transient receptor potential (TRP) channels including TRPV1 (Imamachi et al. 2009; Shim et al. 2007 ) and TRPA1 (Liang et al. 2011; Wilson et al. 2011) have been implicated in cell signaling by pruriceptors, prompting us to additionally test whether TG and DRG cells respond to agonists of thermosensitive TRP chan-nels. Finally, we additionally employed in vivo single-unit recording to identify 5-HT-responsive Vc neurons and test whether they additionally respond to algesic stimuli.
MATERIALS AND METHODS
Behavioral studies. All procedures were approved by the University of California, Davis Institutional Animal Care and Use Committee. Adult male Sprague-Dawley rats (Harlan, Oxnard, CA, and Simonsen, Gilroy, CA; 290 -434 g) were individually housed with rodent chow and water available ad libitum. Behavioral studies were conducted at approximately the same time each day to reduce circadian effects.
Rats were first habituated in three daily 1-h sessions to the recording arena, which consisted of a Plexiglas box placed on a clear glass surface through which the animals were videotaped from below. Each rat's cheek was shaved with clippers at least 24 h before testing. For testing, each rat was briefly restrained in a plastic cone with the cheek area exposed and received a 10-l intradermal (id) injection in the cheek unilaterally with a Hamilton microsyringe attached via PE-50 tubing to a 30-gauge hypodermic needle. The injection was verified visually as a small wheal. The rat was then immediately placed onto the recording arena and videotaped for 60 min. Experimenters left the room immediately after starting the videotape session. Each videotape was analyzed off-line by two independent observers who were blinded as to treatment. The following behavioral responses were counted in 5-min intervals over the 60-min period: number of hindpaw scratches directed to the injected cheek (off-site scratches, such as ears, were excluded) and number of ipsilateral forelimb wipes directed to the injected cheek (Akiyama et al. 2010a (Akiyama et al. , 2010b Shimada and LaMotte 2008) . The scores provided by the two observers were observed to be in good concordance and were averaged. We also measured the duration of individual hindlimb scratch bouts and forelimb wipes, as well as the within-bout scratch frequency, at early (0 -10 min), middle (10 -20 min), and late (20 -30 min) time intervals following 5-HT and AITC injections.
Chemicals tested were as follows. As potential pruritogens, we used 5-HT (5-hydroxytryptamine HCl; 0.1-1%, 4.7-47 mM, in sterile 0.9% saline; Sigma, St. Louis, MO), chloroquine (5-10%, 97-194 mM, in saline; Sigma), protease-activated receptor (PAR)-2 agonist SLIGRL-NH 2 (1%, 15.2 mM, in saline; Quality Controlled Biochemicals, Hopkinton, MA), PAR-4 agonist AYPGKF-NH 2 (1%, 14.7 mM; Quality Controlled Biochemicals), and platelet-activating factor (PAF; 95-191 mM in saline; Cayman Chemical, Ann Arbor, MI), based on previous studies reporting that these agents elicit scratching behavior in rodents (e.g., Akiyama et al. 2009c Akiyama et al. , 2010b Jinks and Carstens 2002; Kuraishi et al. 1995; Thomsen et al. 2001; Woodward et al. 1995) . We also tested cowhage, which was reported to elicit scratching in mice (Akiyama et al. 2010c) . Five (Ϯ1) native cowhage spicules, or inactivated (autoclaved) spicules, were held with forceps, inserted into the cheek skin for 5 s, and then removed. We believe that the 5-s duration of cowhage spicule application was sufficient, since the same means of cowhage spicule application elicited significant scratching in mice (Akiyama et al. 2010c) and evoked itch when self-tested. As algogens, we used capsaicin [0.1-0.3%, 3.3-9.9 mM, in 7% Tween 80 (Fisher Scientific, Fair Lawn, NJ) in saline (Sigma)], AITC (ϭ mustard oil; 5-10%, 504 -1,008 mM, in 7% Tween 80/ saline; Sigma), formalin (2-4%, 667-1,333 mM, in saline; Sigma), and histamine 0.1-10% (9 -900 mM, in 7% Tween 80/saline; Sigma). In addition, we tested the tingly hydroxy-␣-sanshool analog [2E,4E,8Z]-N-isobutylundeca-2,4,8-trienamide (IBA; 21 mM, in propylene glycol; Givaudan Flavors, Cincinnati, OH), to determine whether the distinct sensory quality of tingle elicits behavioral responses suggestive of itch, pain, both, or neither. Each chemical was tested in groups of eight rats, except for saline, which was tested in six. Most rats were tested with different chemicals, with at least 7 days between successive tests of active chemicals to avoid carryover effects.
For comparison, we also made intradermal injections of some agents into the nape of the neck, using methods described previously (Jinks and Carstens 2002) , and counted hindlimb scratch bouts directed to the injection site. Briefly, a 10-l volume was injected in the same manner as described above into the previously shaved nape of the neck at midline, and rats were then placed in the arena and videotaped for 60 min. Chemicals were PAR-2 agonist SLIGRL-NH 2 (as above; 0.5-4%, 7.6 -61 mM), chloroquine (as above; 5-10%, 97-194 mM), and compound 48/80 (2-5%, 131-327 mM; in saline; Sigma).
The numbers of scratch bouts and wipes elicited by each chemical at a given concentration were compared with those recorded in groups receiving vehicle by unpaired t-tests, with P Ͻ 0.05 set as significant. Numbers of scratch bouts and wipes elicited by a given chemical were compared by paired t-tests. Comparisons of numbers of scratch bouts and wipes, as well as bout and wipe duration, elicited by a given chemical at different concentrations were made by multiple analysis of variance (MANOVA) followed by post hoc least significant difference (LSD) tests, with P Ͻ 0.05 set as significant. Comparisons of scratch bout duration, wipe duration, and within-bout scratch frequency, with time and with 5-HT and AITC concentration, were subjected to repeated-measures ANOVA. Statistical tests were performed with SPSS software (IBM, Somers, NY).
Calcium imaging. Under a protocol approved by the University of California, Davis Institutional Animal Care and Use Committee, 64 juvenile (ϳ3 wk, ϳ100 g) male Sprague-Dawley rats (Simonsen) were euthanized under pentobarbital sodium anesthesia and TG and lumbar DRG were extracted, treated, and plated onto poly-D-lysinecoated glass coverslips as previously described (Klein et al. 2011a) .
For calcium imaging, TG and DRG cells were loaded with fura-2 AM and coverslips were placed in a perfusion chamber mounted on a Nikon inverted fluorescence microscope. Fluorescence images were obtained at 340-and 380-nm wavelengths with a CoolSnap camera. Ratiometric measurements were recorded at 3-s intervals with Simple PCI software (Klein et al. 2011a ). Solutions were administered to the perfusion chamber by a gravity-fed eight-channel solenoid-operated perfusion system (ValveLink 8.2, AutoMate Scientific, San Francisco, CA) and removed via a vacuum line at the other end. The chemicals used were 50 -400 M 5-HT, 100 M histamine, and 100 M chloroquine (all from Sigma), 250 M L-menthol (in 0.015% ethanol; Givaudan), 200 M cinnamic aldehyde (CA; in 0.015% ethanol; Sigma), 100 M AITC (in 0.015% ethanol; Sigma), and 1 M capsaicin (in 0.015% ethanol; Sigma). IBA (100 M; Givaudan) was dissolved in 0.5% propylene glycol. Each chemical was superfused for a period of 30 s except capsaicin, which was delivered for 10 s. Vehicles were applied separately as controls and had no effect (data not shown).
Each TG or DRG cell's maximum response to a given stimulus was taken as the highest ratio change during the 2-min poststimulus period, relative to the baseline 1 min prior to chemical application. Peak responses were corrected by subtracting the prestimulus baseline ratio. A positive response to a chemical was defined as at least a 20% change from baseline. A pivot table was created to calculate percentages of cells that responded to various combinations of the applied chemicals.
Vc electrophysiology. Methods were similar to those as described previously (Zanotto et al. 2007 (Zanotto et al. , 2008 . Briefly, 20 male SpragueDawley rats (365-580 g; Simonsen) were anesthetized with thiopental sodium (induction: 85 mg/kg ip; maintenance: 10 mg·kg Ϫ1 ·h Ϫ1 iv via a tail vein). The caudal medulla was exposed surgically to allow extracellular single-unit recordings from second-order neurons in the dorsolateral Vc with tungsten microelectrodes. Unit activity was amplified, digitized, and displayed with a Powerlab interface (A-D Instruments, Boulder, CO) and Spike 2 (Cambridge Electronic Design, Cambridge, UK). Recorded action potentials were sorted by spike size and waveform, and responses were quantified as number of action potentials per second or per minute.
Intradermal cheek injection of 5-HT (Ͻ0.5 l) at a concentration of either 0.1% or 1% was used as a search stimulus to identify pruritogen-sensitive units. The injection was made in the same area of the cheek as in the behavioral studies. After the intradermal search stimulus, the microelectrode was positioned to record a spontaneously firing action potential. When the firing waned, 5-HT was reinjected in a 1-l volume at the identical location through the same injection cannula that remained in place. A unit was considered to respond to the 5-HT stimulus if its firing rate increased 30% or more compared with preinjection baseline measured over a 60-s period. Activity was recorded for 40 min, after which a second identical intradermal injection of 5-HT at the same concentration was made via the same needle. In experiments with 0.1% 5-HT, a third injection was made 40 min later. After this, the unit's mechanical sensitivity was tested with an array of stimuli (calibrated von Frey hairs 0.7-117 mN, cotton wisp, touch, and pinch with forceps), each of which was delivered successively 3 times/5 s. Sensitivity to heating and cooling was then tested with a feedback-controlled Peltier thermode (NTE-2A; Physitemp, Clifton, NJ) that contacted the cheek surface. The circular thermode had a diameter of 12.7 mm and heated or cooled the skin at a rate of ϳ1°C/s. Temperature at the thermode-skin interface was recorded online with a fast thermocouple (IT-23; Physitemp) connected to a digital thermometer (BAT-12; Physitemp). After this, units were tested for responses to a variety of additional chemicals. Each chemical stimulus was delivered via a separate intradermal injection needle placed within the facial receptive field in a 1-l volume or by topical application in a 5-l volume. For injections, the injection needle was placed intradermally at least 2 min prior to the injection, allowing sufficient time for any activity elicited by needle placement to return to the baseline level. The 5-l topical volume covered an area smaller than that of the thermode. Chemicals tested were L-menthol (1% in 10% ethanol ϩ 1% Tween 80 id; Givaudan), CA (10% in 0.5% Tween 80 id; Sigma), histamine (1% in saline id; Sigma), capsaicin (0.01% in 10% ethanol id; Sigma), and topical application of 75% AITC (75%), eugenol (75%), or carvacrol (75%) (all in mineral oil; Sigma). Saline (0.9% id) was tested in most experiments as a vehicle control; other vehicles (ethanol, Tween, mineral oil) did not affect firing of those units tested (data not shown). At least 20 min elapsed between successive intradermal injections of chemicals that were administered in a randomized order. At the conclusion of recording experiments, an electrolytic lesion was made at the recording site to allow histological verification as previously described (Zanotto et al. 2007) .
Neuronal responses to a given stimulus were summed (usually over 60 s) and compared with baseline firing over the equivalent prestimulus period by paired t-tests, with P Ͻ 0.05 considered significant. Responses to repeated application of the same stimulus were also compared by paired t-test to assess tachyphylaxis (self-desensitization).
RESULTS
Behavioral studies. Intradermal cheek injection of 5-HT primarily elicited bouts of hindlimb scratches directed to the injection site, peaking 10 -15 min after injection and persisting up to 40 min (Fig. 1A , filled squares). 5-HT elicited little wiping (Fig. 1A , open circles). In contrast, AITC mainly elicited singular wiping movements of the ipsilateral inner forelimb that were directed from caudal to rostral across the injected cheek, peaking at 15-20 min after injection and persisting out to 40 min (Fig. 1B, open circles) . AITC elicited little scratching (Fig. 1B, filled squares) . Figure 1C plots the mean number of scratch bouts versus wipes elicited by different concentrations of 5-HT and AITC and shows a clear separation between the respective dose-dependent scratch-or wipe-inducing effects of these agents (filled triangles vs. filled circles). The numbers of scratch bouts or wipes increased significantly with concentration of 5-HT or AITC, respectively (Fig. 1 , E and F; Table 1 ). Capsaicin elicited equivalent numbers of scratch bouts and wipes (Fig. 1C, filled squares) , both of which increased significantly with capsaicin concentration (Table 1) .
The duration of individual scratch bouts ranged from 1 to 7.1 s with a mean duration of ϳ3 s; the duration of scratch bouts did not vary significantly with time (Fig. 1D) or concentration of 5-HT (Fig. 1E) . The within-bout scratch frequency was ϳ10 Hz and did not vary significantly with time (Fig. 1D) or 5-HT concentration (data not shown). Individual wiping movements had a shorter duration of ϳ0.29 s (range: 0.13-0.37 s) and did not vary with AITC concentration (Fig. 1F ) or time (data not shown). Table 1 presents mean numbers of hindlimb scratch bouts and forelimb wipes elicited by each chemical tested. 5-HT, formalin, chloroquine, capsaicin, and histamine at the highest concentration (900 mM) elicited a significantly greater number of hindlimb scratch bouts compared with vehicle control animals. Scratching elicited by 5-HT, capsaicin, and formalin, but not chloroquine, was dose dependent. 5-HT, formalin, and chloroquine elicited significantly more scratch bouts than forelimb wipes. Chloroquine elicited no significant wiping, indicating it to be a selective, albeit weak, pruritogen in rats. In contrast, the high dose of formalin and the intermediate dose of 5-HT elicited a significant increase in wipes, but this was significantly less than the number of scratch bouts. Capsaicin and IBA elicited approximately equal numbers of scratch bouts and wipes. The highest dose of histamine elicited a significant increase in scratches, although it evoked significantly more wipes. Lower histamine doses elicited significant wiping but not scratching. AITC dose-dependently elicited forelimb wiping with no significant scratching. PAR-2 and PAR-4 agonists and PAF did not elicit significant scratching, and only the PAR-2 agonist elicited a significant amount of wiping. Intradermal cheek insertion of cowhage spicules did not elicit any significant amount of scratching or wiping.
For comparison, the mean numbers of hindlimb scratch bouts evoked by intradermal injection of agents into the rostral back of rats are shown in Table 2 . The only agents that elicited a significant increase in scratching compared with vehicle were 5-HT and formalin, as previously reported (Jinks and Carstens 2002) . None of the other agents tested presently (PAR-2 agonist SLIGRL-NH 2 , chloroquine, compound 48/80) elicited significant scratching behavior, nor did capsaicin or histamine (Jinks and Carstens 2002) .
Calcium imaging of TG and DRG neurons. A total of 2,293 TG and DRG cells were imaged for responsiveness to 5-HT. After the initial application of 5-HT, TG and DRG cells were tested with other chemicals including histamine, chloro-quine, the TRPV1 agonist capsaicin, the TRPA1 agonists AITC and CA, the TRPM8 agonist menthol, and the tingly alkylamide IBA, delivered in various combinations in a randomized order with capsaicin and the high-potassium solution always tested last. Examples of TG cell responses to 5-HT and other agents are shown in Fig. 2 . All three cells responded to 5-HT (100 M), AITC (100 M), and high-potassium solution. One cell (red trace in Fig. 2 ) also responded to chloroquine (100 M), one (blue trace) to capsaicin (1 M), and one (blue trace) to histamine (100 M).
Of all 5-HT-sensitive cells, 22.8% (35.7% of TG and 19.2% of DRG cells) did not respond to any other agonists tested and thus were potentially 5-HT selective. However, the majority of 5-HT-sensitive neurons responded to one or more additional agents, as shown in Tables 3-5. Table 3 shows the incidence of TG and DRG cell responses to the putative itch mediators 5-HT, chloroquine, and histamine. Twenty percent or fewer of the TG and DRG cells responded to any of these agents. There was substantial overlap in the sensitivity of cells to 5-HT and chloroquine. Chloroquine activated the majority of 5-HT-sensitive TG and DRG cells (53% and 70%, respectively), and, conversely, 5-HT activated ϳ50% of the chloroquine-responsive cells. There was also some overlap in 5-HT and histamine sensitivity. Histamine activated ϳ20% of 5-HT-sensitive TG or DRG cells, while, conversely, 5-HT activated 50% and 80% of histamine-sensitive TG and DRG cells, respectively. There was very little overlap in histamine and chloroquine sensitivity; only one TG and one DRG cell responded to both. Table 4 shows the coincidence of cell responses to 5-HT and the algogens AITC and capsaicin. Substantial fractions of 5-HT-sensitive TG and DRG cells (35% and 86%, respectively) also responded to AITC. Conversely, 5-HT activated 37% of AITC-sensitive TG and DRG cells. Capsaicin activated 43% and 63% of 5-HT-sensitive TG and DRG cells, respectively. Conversely, 5-HT activated 14% and 17% of capsaicinsensitive TG and DRG cells, respectively. In addition, there was overlap in chloroquine and algogen sensitivity. AITC activated ϳ86% of TG or DRG cells that responded to chloroquine. Capsaicin activated 27% of TG cells and 43% of DRG cells that were chloroquine sensitive. Capsaicin also activated 82% of TG and 53.5% of DRG cells that responded to histamine. Table 5 presents the coincidence of cell responses to 5-HT and the TRP channel agonists menthol and CA. Only 13% of 5-HT-sensitive TG cells responded to menthol, and none responded to CA. Conversely, Ͻ3% of menthol-or CA-sensitive TG cells responded to 5-HT. DRG cells exhibited a much higher incidence of coactivation, with 50% of 5-HT-sensitive cells also responding to menthol and CA. Conversely, lower Neither bout duration nor within-bout frequency varied over time (P Ͼ 0.1, repeated-measures ANOVA). E: mean no. of scratch bouts (left-hand y-axis) and mean scratch bout duration (right-hand y-axis) vs. 5-HT concentration. *5-HT 1% elicited significantly more scratch bouts than 0.1% and 0.5%, and 0.5% elicited significantly more than 0.1% [P Ͻ 0.05, multiple analysis of variance (MANOVA) with post hoc least significant difference (LSD) tests]. Scratch bout duration did not vary significantly with 5-HT concentration. F: as in E plotting mean no. of ipsilateral forelimb wipes (left-hand y-axis) and mean wipe duration (right-hand y-axis) vs. AITC concentration. *AITC at 10% elicited significantly more wipes compared with 5% and 7.5% (P Ͻ 0.05, MANOVA with post hoc LSD test). Mean wipe duration did not vary significantly with AITC concentration (P Ͼ 0.05, MANOVA with post hoc LSD test).
percentages of menthol-or CA-sensitive DRG cells also responded to 5-HT (22% and 21%, respectively).
The tingly alkylamide IBA activated 28% and 26% of all TG and DRG cells tested, respectively, confirming our recent report (Klein et al. 2011b) . IBA activated 50% and 64% of 5-HT-sensitive TG and DRG cells, respectively. Conversely, 5-HT activated 7% and 8% of IBA-sensitive TG and DRG cells, respectively.
Vc neuron recordings. Units were identified by intradermal injections (Ͻ0.5 l) of 0.1% (n ϭ 9) or 1.0% (n ϭ 11) 5-HT. Recording sites were located in superficial laminae of dorsolateral Vc (Fig. 3 and Fig. 4, A and B, insets) at a mean depth of 154.8 m Ϯ 36.9 (SE). Neurons that responded differentially to innocuous and noxious mechanical stimuli were classified as wide dynamic range (WDR) type (63%, 12/19 units), while those responsive to noxious but not innocuous mechanical stimuli were classified as nociceptive specific (NS) (26%, 5/19) Two units (11%) were unresponsive to mechanical stimuli; one of these responded to menthol and the other to cooling. Some units responded to noxious heat (28%, 5/18) at a mean threshold of 45.4 Ϯ 2.4°C (SE), and many responded to cooling (63%, 12/19) at a mean threshold of 19.9 Ϯ 1.8°C. Examples are shown in Fig. 3 , and averaged responses to mechanical and thermal stimuli are shown in Fig. 4 .
Neuronal responses to repeated intradermal injection of 5-HT exhibited significant tachyphylaxis. In the example of Fig. 3 , the first intradermal injection of 0.1% 5-HT elicited a robust response, while the second injection elicited a much weaker response. This unit responded to graded mechanical stimuli and AITC, weakly to capsaicin, and not to saline. Figure 4A shows averaged responses. The first intradermal injection of 0.1% 5-HT elicited significant increases in firing at minutes 1 and 8, while the second and third injections did not significantly affect firing rate, indicating tachyphylaxis. Figure  4B shows responses of a separate population of units to the higher 1% 5-HT stimulus, which significantly increased firing over a 14-min period. The second injection of 5-HT did not affect firing rate, again indicating tachyphylaxis.
Most of the 5-HT-sensitive units also responded to other chemical stimuli. Figure 4 shows averaged unit responses (as peristimulus time histograms) to these chemicals, and Table 6 lists the percentages of 5-HT-sensitive Vc neurons that also responded to other chemical stimuli. Importantly, high percentages of 5-HT-sensitive Vc units responded to AITC and capsaicin, while lower percentages also responded to menthol, CA (Table 6) , and the TRPV3 agonists carvacrol (57%, 4/7) and eugenol (36%, 4/11). Table 6 also lists percentages of 5-HTsensitive TG and DRG cells that responded to other chemicals for comparison with Vc units. The percentages of Vc and TG/DRG cells that responded to the various chemicals were generally comparable, implying that the sequential stimulus application in the Vc recording experiments did not induce any major cross-sensitizing (or desensitizing) effects.
DISCUSSION
Behavioral studies. Cheek injection of 5-HT was presently found to elicit dose-dependent hindlimb scratching, consistent with previous reports that 5-HT evoked hindlimb scratch bouts directed to the injection site in the nape of the neck in rats (Hachisuka et al. 2010; Jinks and Carstens 2002; Carstens 2003a, 2003b; Nojima et al. 2003; Thomsen et al. 2001 Thomsen et al. , 2002 and mice (Inagaki et al. 2001; Maekawa et al. 2000; Yamaguchi et al. 1999) . Rat mast cells contain higher concentrations of 5-HT than histamine (Purcell et al. 1989) , possibly related to the scratch-inducing capacity of 5-HT in this species. 5-HT elicited relatively few forelimb wipes, with only one concentration of 5-HT evoking significantly more wipes compared with vehicle control animals ( Table 1) . 5-HT has also been reported to induce hyperalgesia (Lin et al. 2011; Oliveira et al. 2007; Taiwo and Leving 1992) ; however, the present results indicate that 5-HT evokes behavioral responses that are more closely associated with itch rather than pain. Chloroquine, which induces itch in humans (Ajayi et al. 1989 ), also elicited facial scratching but not wiping. Curiously, chlo- 
Incidence of response of 5-HT-sensitive and -insensitive TG and DRG cells to menthol and cinnamic aldehyde (CA) is shown. ϩ, Responded; 0, did not respond.
roquine injected in the nape of the neck did not elicit significant hindlimb scratching (Tables 1 and 2) , a finding for which we currently have no adequate explanation beyond possible differences in the composition or innervation of facial versus back skin. In contrast, AITC, which induces burning pain in human skin (Namer et al. 2005) , elicited dose-dependent ipsilateral forelimb wiping but not hindlimb scratching. These results support the idea that hindlimb scratching reflects itch while forelimb wiping reflects pain in rats, similar to previous recent studies using mice (Akiyama et al. 2010a (Akiyama et al. , 2010b Shimada and LaMotte 2008) .
Other suspected pruritogens including PAF, PAR-2 and PAR-4 agonists, cowhage, and compound 48/80 did not elicit significant scratching in either the cheek or nape models in rats (Tables 1 and 2 ; Thomsen et al. 2001) . In marked contrast, the identical application of cowhage spicules, as well as intradermal injection of PAR-2 and -4 agonists, elicited robust scratching in mice (Akiyama et al. 2009c (Akiyama et al. , 2010b Shimada et al. 2006; Tsujii et al. 2009 ). Cowhage spicules contain mucunain, which acts via PAR-2 and PAR-4 to elicit itch in humans (Reddy et al. 2008) . The failure of even high concentrations of PAR-2 and PAR-4 agonists, as well as cowhage spicules, to elicit scratching in Sprague-Dawley rats most likely reflects a species difference.
Histamine elicited significant dose-dependent wiping but did not elicit any significant scratching (Table 1) . Injection of histamine in the nape of the neck failed to elicit any significant degree of hindlimb scratching (Jinks and Carstens 2002; Thomsen et al. 2001 ). These findings support the view that histamine is an algogen rather than a pruritogen in SpragueDawley rats. The failure of histamine as well as cowhage and PAR-2 and -4 agonists to elicit scratching in rats stands in marked contrast to the ability of these agents to elicit scratching in mice, and indicates that the Sprague-Dawley rat is inferior to the mouse as a model for histamine-and proteaseevoked itch in humans.
Cheek microinjection of capsaicin elicited equivalent scratching and wiping (Fig. 1C, Table 1 ), suggesting that it simultaneously elicits itch and pain. This differs from the mouse, in which cheek microinjection of capsaicin elicited significant wiping but not scratching (Akiyama et al. 2010c) . When injected intradermally in human skin, capsaicin elicits burning pain but not itch; however, intradermal insertion of capsaicinloaded cowhage spicules elicited both itch and nociceptive qualities (burn, sting, prick) simultaneously Sikand et al. 2009 ). Moreover, topical skin application of capsaicin elicited a dominant sensation of itch in a majority of subjects (Green and Shaffer 1993) . These observations suggest that capsaicin is capable of activating pruriceptors and that the presently observed facial scratching and wiping behavior reflects a mixed sensation of itch and pain in rats.
IBA, a derivative of hydroxy-␣-sanshool that elicits tingle (Albin and Simons 2010), also elicited equivalent scratching and wiping suggesting a mixed sensation. Intraplantar IBA in rats elicited nocifensive behaviors (flinching, guarding, licking) (Klein et al. 2011b ) and excited both nociceptive and nonnociceptive spinal dorsal horn neurons (Sawyer et al. 2009 ). We speculate that the tingle sensation elicited by IBA is novel and hence aversive, but not painful, resulting in the observed range of nocifensive responses that are available to the animal to respond to unusual sensations.
Formalin elicited significant scratching and wiping, consistent with previous data in the mouse cheek model (Akiyama et al. 2010b ) and the mouse and rat rostral back model (Jinks and Carstens 2002; Imamachi et al. 2009; Sun and Chen 2007) . Nocifensive behavior elicited by a low (0.5%), but not high (2%), concentration of formalin was abolished in mice with neurotoxic destruction of TRPV1-expressing spinal afferents (Shields et al. 2010) . The latter authors suggested that nociceptors are not required for formalin-evoked nocifensive scratching and wiping and that high-dose formalin may elicit a mixed sensation of itch and pain via nonspecific activation of multiple afferent fiber types.
Facial scratching was characterized by discrete bouts of hindpaw movements at a constant within-bout frequency of 10 Hz. Neither bout duration nor within-bout frequency varied with time or concentration of 5-HT, consistent with our previous study (Nojima and Carstens 2003b) . Facial scratch bouts in rats exhibited lower frequency and longer duration compared with facial scratching in mice (12.6 Hz, 0.4 s) (Akiyama et al. 2010b) , with the difference in frequency likely explained by allometric scaling. The duration of ipsilateral forelimb wipes was brief in rats and mice (0.29 and 0.19 s, respectively). These observations suggest that hindlimb scratch bouts and forelimb wipes are discrete, stereotyped movements, and that the intensity of itch or pain is reflected by the number of scratch bouts or wipes over time, rather than parameters of the individual movements.
Primary sensory neurons. 5-HT (100 M) activated 6.4% of TG and 6.8% of DRG cells. These values are similar to or lower than those reported previously, where ϳ20% of rat DRG cells (Nicolson et al. 2002) , 11% of mouse TG cells (Akiyama et al. 2010a) , and 6.4% of mouse DRG cells (Akiyama et al. 2010c) responded to 100 M 5-HT. A minority of 5-HTsensitive TG and DRG cells did not respond to any other tested agents, making them candidates for 5-HT-selective pruriceptors. However, the majority of 5-HT-responsive cells re- sponded to other agents, with Ͼ50% also responding to chloroquine, AITC, and capsaicin, and about one-fifth also responding to histamine. These proportions are roughly similar to the proportions of 5-HT-sensitive Vc neurons that also responded to other agents (Table 6 ), suggesting that input from 5-HT-sensitive primary afferents largely accounts for the chemical response tuning of Vc neurons. The coactivation of TG and DRG cells by 5-HT and capsaicin is consistent with a role for TRPV1-expressing primary afferent fibers in mediating 5-HT-evoked scratching. This is supported by recent evidence that scratching elicited by intradermal 5-HT or ␣-methyl-5-HT was nearly completely abolished in mice lacking intraspinal TRPV1-expressing terminals and in mice lacking PLC␤3 (which is coexpressed in ϳ35% of TRPV1-expressing sensory neurons), although curiously not in mice lacking TRPV1 per se (Imamachi et al. 2009 ). Conceivably, 5-HT activation of PLC␤3 may lead to downstream activation of some other currently unidentified ion channel that is coexpressed with TRPV1 in sensory neurons in order to signal itch.
Fourteen percent of TG and DRG cells responded to chloroquine, a pruritogen that specifically binds to MrgprA3 ). The vast majority of chloroquine-sensitive TG and DRG cells were also activated by the TRPA1 agonist AITC, consistent with a role for TRPA1 in chloroquine-evoked scratching behavior (Wilson et al. 2011) , and 27-43% were also activated by capsaicin. However, relatively few chloroquine-sensitive TG and DRG cells were activated by histamine (Fig. 3) , in contrast to a recent report that all chloroquine-sensitive DRG cells in mouse also responded to histamine as well as capsaicin ). In the present study, the majority of histamine-sensitive TG and DRG cells were also activated by capsaicin, in agreement with the report of Liu et al. (2009) .
Vc recordings. Our search strategy was intended to maximize the probability of finding 5-HT-responsive Vc neurons (Akiyama et al. 2009a (Akiyama et al. , 2009b (Akiyama et al. , 2010a Jinks and Carstens 2002) . Units identified in this manner exhibited more prolonged responses to the higher than the lower dose of 5-HT, as well as tachyphylaxis to repeated intradermal injections of 5-HT as previously reported for responses of lumbar superficial dorsal neurons to hindpaw intradermal injections of 5-HT in rat (Jinks and Carstens 2002) and mouse (Akiyama et al. 2009b) . Also consistent with these latter reports, the majority of 5-HTsensitive Vc units were presently categorized as WDR or NS, with a small percentage being mechanically insensitive. Importantly, the vast majority of 5-HT-responsive units additionally responded to the algogens AITC and capsaicin (Table 3) , consistent with previous studies from our laboratory as well as studies of histamine-or cowhage-sensitive primate spinothalamic tract neurons that always also responded to capsaicin (Davidson et al. 2007; Simone et al. 2004) .
Central mechanisms of itch and pain. Recent studies have advanced our understanding of itch and pain mechanisms (Davidson and Giesler 2010; Ma 2010; Patel and Dong 2010) . GRP was implicated as a spinal neuropeptide transmitter for itch, since mice lacking GRP receptors (Sun and Chen 2007) or with neurotoxic ablation of GRP receptor-expressing neurons in the superficial dorsal horn (Sun et al. 2009 ) exhibit attenuated scratching behavior. Substance P is also implicated, since rats with neurotoxic ablation of NK-1-expressing neurons in the superficial medullary and cervical dorsal horn exhibited a significant reduction in 5-HT-evoked scratching (Carstens et al. 2010 ). Relief of itch by scratching is presumably mediated by intraspinal inhibition of itch-signaling neurons (Davidson et al. 2009 ). Mice lacking the transcription factor Bhlhb5 exhibited enhanced scratching behavior associated with a specific loss of inhibitory spinal interneurons (Ross et al. 2010) . Such inhibitory interneurons are thought to be activated by glutamatergic input from nociceptive primary afferents. Mice lacking the VGlut2 vesicular transporter in Nav1.8-expressing primary afferents exhibited a reduction in nociception and enhancement of scratching (Lagerström et al. 2010; Liu et al. 2010) , presumably due to the loss of nociceptive drive that normally activates inhibitory interneurons to suppress itch transmission.
It is currently uncertain whether a specific population of pruritogen-selective neurons signals itch (Andrew and Craig 2001) or if itch is signaled by a population coding mechanism involving neurons that receive both pruritic and nociceptive input (Akiyama et al. 2009a (Akiyama et al. , 2009b (Akiyama et al. , 2010a . In the latter scenario, itch may be signaled when pruritogens excite neurons that respond to both pruritic and noxious stimuli. Noxious stimuli also excite this population of neurons but additionally recruit a population of nociceptive neurons that is unresponsive to pruritic stimuli. It is suggested that excitation of both of these neuronal populations by a noxious stimulus signals pain. At the same time, the noxious stimulus also activates inhibitory interneurons to selectively inhibit itch-signaling neurons. In Vc, the large majority of pruritogen-sensitive neurons additionally responded to algogens, with little evidence for pruritogenselective neurons (Akiyama et al. 2010a and present data) . By this population coding mechanism, cheek injection of pruritogens elicits hindimb scratching by activating Vc neurons responsive to both pruritic and algesic stimuli, which ultimately engage descending propriospinal pathways that activate "scratch reflex" circuitry in the lumbar spinal cord. Cheek injection of algogens activates nociceptive Vc neurons that are ultimately connected to cervical motor circuits that control the ipsilateral forelimb wiping movement. The anatomic circuits underlying these distinct behavioral responses remain to be worked out.
